The long historical records of earthquakes, the physical effects on ancient building structures and the palaeoseismology provide a unique opportunity for an interdisciplinary tectonic analysis along a major plate boundary and a realistic evaluation of the seismic hazard assessment in the Middle East. We demonstrate with micro-topographic surveys and trenching that the Dead Sea Fault (DSF) offsets left-laterally by 13.6 0.2 m a repeatedly fractured ancient Roman aqueduct (older than AD 70 and younger than AD 30). Carbon-14 dating of faulted young alluvial deposits document the occurrence of three large earthquakes in the past 2000 years between AD 100 -750, between AD 700 -1030 and between AD 990 -1210. Our study provides the timing of late Holocene earthquakes and constrains the 6.9 0.1 mm/yr. slip rate of the Dead Sea transform fault in northwestern Syria along the Missyaf segment. The antepenultimate and most recent faulting events may be correlated with the AD 115 and AD 1170 large earthquakes for which we estimate M w = 7.3 -7.5. The 830 years of seismic quiescence along the Missyaf fault segment implies that a large earthquake is overdue and may result in a major catastrophe to the population centres of Syria and Lebanon.
The long and rich cultural history of the eastern Mediterranean provides a special opportunity to incorporate physical and written history with earthquake geology for a more refined assessment of the seismic hazard. This approach is particularly important along the Dead Sea Fault (DSF) that corresponds to a major plate boundary (Fig. 1) . However, the fault produced very few large continental earthquakes during the past eight centuries and this low level of seismic activity contrasts with written accounts of large devastating historical earthquakes [1] .
The identification of seismic gaps and sequences along major fault systems requires an accurate knowledge of the seismicity catalogue ideally covering several large earthquakes. A time-averaged slip rate and an understanding of the related seismic cycle also contribute to better constrain the long-term faulting behaviour and recurrence interval of large seismic events. Hence, for equal rates of fault slip, the fault zone with the longest period of seismic quiescence is therefore considered as an earthquake-prone area where the hazard is a function of the elapsed time since the last seismic event and the physical dimensions of the related active fault segment.
The occurrence of large earthquakes and their associated damage in the Middle East are frequently reported during the Greek, Hebrew, Assyrian, Roman, Byzantine and Islamic times ( Fig. 1 a and b ) [1, 2, 3, 4] . In particular, Arab chroniclers describe with details main shocks, aftershocks, surface breaks and related damage distribution in the Middle East as early as the 7 th -8 th centuries [4, 5, 6] . Hence, the DSF provides a rare opportunity of correlating the historical descriptions of seismicity with field investigations in active tectonics, archaeoseismology and palaeoseismology.
Compared to other worldwide major strike-slip faults, the DSF is poorly understood as an active, seismogenic structure, and recent studies consider its northern section in Lebanon and Syria as inactive [7] .
The late Quaternary tectonic activity along the DSF is characterized by (i) faulted young alluvial, colluvial and lacustrine deposits, (ii) deflected streams with consistent left-lateral displacements of tens to hundred metres, and (iii) evidence of large shutter-ridges and small pull-apart basins along strike. Both geologic and geodetic studies along the fault poorly constrain its kinematics as demonstrated by the wide range 2 -10 mm/yr slip rates [2, 8, 9, 10, 11, 12] .
Here, we present results from palaeoseismic and archaeoseismic investigations along the 70-km-long
Missyaf segment of the northern section of the Dead Sea Fault. Historical Arabic documents allow to identifying an 830 years seismic gap along the fault since the medieval time and help in the identification of damaged areas. Total station mapping, archaeoseismology and palaeoseismology provide new constraints on the seismic slip history during the past 2000 years along the fault and related seismic slip deficit. Finally, we discuss the consistency of the results, the fault segmentation and the slip model along the northern DSF. The multidisciplinary approach is emphasized for a realistic assessment of the seismic hazard along the DSF in the Middle East.
Seismotectonic Setting
The Dead Sea fault is a large continental strike-slip fault corresponding to the boundary between the Arabia and Africa plates. It is a left-lateral transform fault system, striking north-south and extending for 1000 km from the Gulf of Aqaba to join the East Anatolian fault zone in southern Turkey (Fig. 1 a) . The tectonic deformation associated with the DSF began in the early Pliocene with initiation of sea-floor spreading in the Red Sea [13, 14] . The total left-lateral displacements along the DSF since the Pliocene and the initiation of sea floor spreading of the Red Sea are estimated to be 45 km to the south and 20-25 km to the north [15] . This difference in displacements may be explained by up to 20 km of shortening in the NE-SW trending Palmyride fold belt ( Fig. 1 a) [16] .
The low level of instrumental seismicity as observed from 1900 to present, and the scarce focal mechanisms along the central and northern DSF may suggest the idea that the DSF is moderately active (Fig.   1 a) . However, this view is inconsistent with historical records of large, devastating earthquakes that attest to the activity and seismogenic potential ( Fig. 1 b and Table 1) , and with field observations, as described below.
One of the best-documented and most recent event occurred in 1759 affecting the Bekaa Valley of Lebanon (M = 7.4) with a rupture length of at least 100 km [3] . Other significant seismic events with probable surface faulting occurred in the past and ruptured different segments of the DSF [17] . Fault segments can be delimited according to the structural pattern of strike slip faults (e.g., main pull apart basins, steps, releasing and restraining bends). The northern DSF follows a relatively narrow trace between the Qalaat Al Hosn (Crak des Chevaliers) pull apart basin at the Syrian/Lebanese border to the south and in the Ghab Valley to the north (Fig. 1 c) . Tectonic indicators include faulted alluvial fans, small and large stream deflections (tens to a few thousand metres), and the faulted Neogene and Quaternary Homs basaltic flows [18] . The Ghab
Valley is a large pull-apart basin with up to 3.5 -4 km of Pliocene and Quaternary fill [19] . Between the Ghab Valley and the Qalaat Al Hosn plain to the south the DSF forms the 70-km-long Missyaf segment.
Historical data suggest that this section of the DSF may presently exhibit seismic quiescence and has not experienced a large earthquake since the 12 th -13 th century ( Fig. 1 a and b) .
Historical Constraints of the Seismic Gap
The historical record of seismicity of Syria and surrounding regions is one of the richest because of the numerous archaeological and historical sources dating back at least to BC 1365 [1, 4, 5, 6, 20, 21, 22] . Qualansi mentions the different localities that were badly damaged by the main shock of 1157. This description allows the assessment of the area of maximum damage, which constrains the earthquake parameters including the location of the epicentre area near Apamea (see Fig. 1 b) and the size that may reach the intensity IX (MKS scale). Reported details reflect the severity of the damage in a north-south elongated area that is consistent with El Qalansi report in the region of Apamea [4] . According to the distribution of maximum intensity, this event corresponds with the Apamea segment of the Dead Sea fault. who describes in his book "El Kamil fi El Tarikh" more than 56 felt earthquakes in the region [23] . Despite his young age at the time of the 1170 earthquake, he kept in memory the "terrible" feeling of the quake and investigated later on during his travelling the earthquake damage. Ibn El Athir provides numerous detailed descriptions of strongly damaged cities such as Homs and Hama, which define an area of maximum damage in the region named "bilad el Firanj" literally "country of the Christians" or the crusaders region located in
Crak des Chevaliers, Missyaf Fortress and Borj Safita ( Fig. 1 b and c) . These rich descriptions allow us to define the epicentre area with an estimated maximum intensity IX (MKS) between the well-known historical sites of Crak des Chevaliers and Missyaf Fortress [4] , and to associate the AD 1170 event with the Missyaf segment of the DSF.
The 20 May 1202 earthquake took place mostly in Lebanon along the Yammouneh fault and has been extensively studied by Ambraseys and Melville ( Fig. 1 b) [24] . The related surface rupture has been confirmed by palaeoseismic studies along the DSF near the Hula depression [9] .
Faulted Aqueduct and Holocene Palaeoseismic Timing at Al Harif Site
Faulting of late Pleistocene and Holocene deposits, prominent fault scarps and shutter ridges with stream deflections, and faulted archaeological site provide the best location for palaeoseismic and archaeoseismic studies ( The large fallen piece of wall (made of small stone pieces) found in between the two prominent eastern and western aqueduct sections, has no foundation, and most likely corresponds to a piece from the rebuilt eastern section that was rotated and dragged along the fault. According to local witnesses many of the aqueduct stones are reutilised for nearby fences.
The maximum age for the aqueduct may be bracketed from the age of the sedimentary units below its foundation and from early travertine accumulation on its wall. The 1 to 2-m-deep excavation at the base of the aqueduct wall clearly show that the foundation stones are within unit d and rest on the uppermost layers of unit e (BC 210 -AD 30, 2 calibrated age, Table 2 ). The maximum possible age of the aqueduct is best defined by the minimum age of uppermost deposits of unit e, AD 30. In addition, organic fractions Furthermore, the aqueduct is built on a bridge across the river, which displays at least two kinds of building stones suggesting rebuilding episodes. At the warped section, the numerous ruptured stones and cracks filled with brecciated and ruptured travertine indicate at least two episodes of deformation, indicating the abandonment of the aqueduct before the third event (Fig. 4 b) . Rebuilt phases and cracks in travertine help in documenting the two first successive faulting events. It is likely that no travertine accumulation and rebuilding phase were anymore present after the second event.
Palaeoseismic trenching: The trench was dug in an alluvial terrace made of 4 -5 m thick young sediments likely deposited by the nearby stream ( Pottery shards and detrital fragments of charcoals are well distributed through the trench walls and were collected for dating ( Table 2 ). 8 samples of charcoal from the north wall were dated using the C 14 AMS methods and calibrated with 2 -age range using Oxcal v3.5 [25] . 6 of the collected charcoal fragments were of large size and angular shape (suggesting limited transport or initial deposition and no reworking) and revealed a fairly large amount of carbon fraction after laboratory treatment (Table 2 ). In Table 2 ) and are therefore interpreted as reworked detrital charcoal in mixed deposits. Additional constraints on the timing of individual palaeoseismic events is provided by considering the stratigraphic superposition and applying the Bayes analysis (conditional probability for the stratigraphic succession and datations) to the age ranges obtained from calibration of radiocarbon ages (Table 3 ) [27] .
Both walls reveal a 2-meter wide fault zone that consists on intensely sheared sedimentary deposits ( Fig. 5 a and b) . No other shear zone or minor faulting exists in trench walls (the northern trench wall join the edge of the river and exhibits a large stratigraphic section). While motion on the fault is mostly left lateral, it bears a small but significant vertical component at this site as pointed out by the vertical offset of 1 m of units e and d in the trench. Some fault strands are clearly truncated by the successive deposits that register the faulting episodes ( Fig. 6 a and b) . Furthermore, the intense deformational structures visible along the shear zone and the numerous rupture strands that affect the successive sedimentary units testify that the palaeoearthquakes were large faulting events. The successive truncated fault strands that can be recognized in Fig. 5 b represent, therefore, past large earthquakes in the trench wall:
Event Z: Unit a caps the entire fault zone and post-dates all coseismic movements which appear to have occurred before AD 1030 -1260; the AD 1260 provide a minimum age for unit a and a maximum age for the most recent large earthquake along the fault. The most recent large seismic event can be defined within the large age bracket between units a and c. After Bayesian analysis, this event is constrained at the 95% confidence limit by radiocarbon dating between AD 990 and AD 1210 (Table 3 ). This result is consistent (Fig. 6 b) . This erosional truncation of the fault suggests a distinct palaeoseismic event and not simply a plunging tip line within the strike slip shear zone. The larger offset of unit e within the shear zone and with respect to the offset bedding in unit d, immediately below unit b (west branch of the fault zone) also attests for the occurrence of event X.
Radiocarbon dating of unit e and d, along with Bayesian analysis indicate that the seismic event occurred
between AD 100 and AD 750 (Table 3) . However, this event may also be correlated with the large earthquake that destroyed the ancient city of Apamea and damaged Beirut in 13 December 115 [4, 6] .
In summary, Table 3 shows that the antepenultimate event X took place probably during the Roman (Fig. 7) .
Implications of the 830-year seismic quiescence for the seismic hazard evaluation
Historical documents show that several large earthquakes have occurred along the northern strand of and AD 1170 (1100 years) followed by about 830 years without a major earthquake along the Missyaf segment. The 6.8 -7.0 mm/yr of slip rate at depth would accumulate a slip deficit of 5.6 -5.8 m on the locked upper part of the fault, which exceeds the average estimated past coseismic slip (Fig. 7) . Due to our single observation concerning the amount of slip at the aqueduct site and complicated fault segmentation along strike, the rupture history of the DSF can be driven by either slip patches or characteristic slip behaviour [33] . However, a large earthquake with M>7 along the Missyaf and adjacent fault segments would induce severe damage to the region. We interpret the seismic quiescence during the past 830 years may represent a high level of seismic hazard in Syria and Lebanon. The trench exposes the fault zone and the archeo-trench excavates the wall foundation (red area) orthogonal to the fault (Fig. 4 a) .
b: Photograph of the aqueduct looking west. The aqueduct used to bring fresh water from the wet western high mountains to wheat and olive oil mills and local cities and villages located in the eastern plains. In foreground, the bridge allows the aqueduct to cross the El Harif River (see also Fig. 4 b) . It has been faulted three times and displays a total left lateral offset of 13.6 0.2 m (Note the trench nearby and related log in Fig. 5 a) . Radiocarbon dating of travertine accumulation and unit e below its foundation indicate that the aqueduct may be younger than AD 30 and older than AD 70 (see text for explanation) . Fault obtained from palaeoseismic and historical data. The succession of past earthquakes is deduced from radiocarbon dating of faulted units in trench (Fig. 5 b) . The first coseismic displacement (4.3 m) and the cumulative slip for the three events (13.6 m) were measured from the faulted aqueduct (Fig. 3 a) .
The late Holocene slip rate of 6.8 -7.0 mm/yr. and mean coseismic displacement suggest an average recurrence time for large earthquakes of about 550 years. 833 years have elapsed since the last earthquake in AD 1170. Following a time-predictable earthquake recurrence model, the slip rate line projects from the last event to suggest that failure of this segment of the DSF fault may perhaps be imminent, or possibly overdue. Large historical earthquakes along the northern section of the Dead Sea fault (see also Figure 1 b). Surface faulting reports and a rich description of damage exist in original Arabic sources [1, 3, 4, 5, 6, 17] . Estimated magnitudes are from Ambraseys and Jackson [1] . We have interpreted the associated fault ruptures in terms of possible segmentation of the northern DSF. Table 2 .
Characteristic of radiocarbon dating of samples of the aqueduct site. All dating methods are AMS (accelerator mass spectrometer). R is for reworked and units are illustrated in Fig. 5 b. All samples have been calibrated using the Oxcal program v3.5 [25] and calibration curve INTCAL98 [26] . Adopted age ranges are equivalent to calibrated 2 ranges (94.5%), in AD and BC and without taking into account ranges with probability of 1% and less. Table 3 .
Probability distribution of calibrated C14 ages (in calendar years BC/AD) obtained from sequential radiocarbon dates (BP) using Oxcal v3.5 [24] and INTCAL98 calibration curve [25] . As indicated in Table 2 , calibrated dates are presented with 2 -age range (95.4% density). The age of the aqueduct is estimated considering unit e that predates the building (see text for explanation) and the travertine age that postdate the building. Age ranges of seismic events X (AD 100-750), Y (AD 700-1030) and Z (AD 990-1210) are determined using the Bayesian analysis (probability distribution of the ages). Arrows show our preferred ages associated with two historical large earthquakes in AD 115 and AD 1170. Table 3  Table 3 
